We have determined the structure of a human rhinovirus (HRV)-Fab complex by using cryoelectron microscopy and image reconstruction techniques. This is the first view of an intact human virus complexed with a monoclonal Fab (Fabl7-IA) for which both atomic structures are known. The surface area on HRV type 14 (HRV14) in contact with Fabl7-IA was -500 A2 (5 nm2), which is much larger than the area that constitutes the NIm-IA epitope (on viral protein VP1) defined by natural escape mutants. From modeling studies and electrostatic potential calculations, charged residues outside the neutralizing immunogenic site IA (NIm-IA) were also predicted to be involved in antibody recognition. These Human rhinovirus (HRV) is a major cause of the common cold and a member of the picomavirus family, which also includes poliovirus, coxsackievirus, and hepatitis A virus.
experimentally.
Human rhinovirus (HRV) is a major cause of the common cold and a member of the picomavirus family, which also includes poliovirus, coxsackievirus, and hepatitis A virus.
These are small, spherical viruses that have a 300-A (1 A = 0.1 nm)-diameter protein shell which encapsulates one copy of single-stranded RNA (32) . The existence of more than 100 different serotypes of HRV makes the development of effective vaccines against the common cold impractical.
The structure of HRV serotype 14 (HRV14) is known to atomic resolution (30) . The capsid is composed of 60 copies each of the four viral proteins VP1, VP2, VP3, and VP4 (Fig.  1 ). The first three proteins (each -30 kDa) all have an eight-stranded, anti-parallel p-barrel motif (30, 31) . The small VP4 (-10 kDa) lies at the interface between the RNA interior and the capsid. Neutralizing immunogenic sites (NIm sites) were identified on the basis of sequence analysis of natural escape mutants (33, 34) . These mutants were selected for by growing the virus in the presence of monoclonal antibodies (MAbs), and the mutations were mapped onto the three-dimensional structure of the virus where they cluster into four surface groups: NIm-IA, NIm-IB, NIm-II, and NIm-III. All NIm sites occur at the rim of an -12-A deep canyon that encircles each of the icosahedral fivefold axes. The hypothesis that the canyon is the site at which the cell-surface receptor proteins bind (30) was recently confirmed (26, 27) . Such an arrangement allows naturally occurring mutants to circumvent immune recognition without affecting receptor recognition.
The mechanisms of neutralization are poorly understood. Some antibodies are believed to bind bivalently to the same particle (15) and neutralize infectivity by inducing structural * Corresponding author. changes in the capsid (13, 21) , by interfering with attachment (10) , or possibly by preventing uncoating by intracapsid cross-linking (24) . For HRV14 (10) , the pI of the capsid is greatly reduced by the addition of intact mouse MAbs or antigen-binding fragments (Fabs). Therefore, if the pl shift is caused by antibody-induced conformational changes in the virus, such alterations are not dependent on bivalent attachment to the same virion. For some antibodies, interparticle cross-linking (aggregation) may be sufficient for neutralization (4-6, 15, 36) . Past studies on picornaviruses have distinguished two classes of neutralizing antibodies, strong and weak. Strongly neutralizing antibodies are believed to bridge pentamers within the HRV14 particle (20, 24) . This model predicts that each Fab arm binds to its epitope in an orientation that points the other arm toward a binding site across an icosahedral twofold symmetry axis on the same particle.
To test this latter model, we determined the structure of HRV14 complexed with Fabl7-IA by using three-dimensional reconstruction of electron microscope images. MAb17-IA is a strongly neutralizing MAb (20) . This immunoglobulin G (IgG) molecule binds to the NIm-IA site defined by natural escape mutations (34) at residues D1091 and E1095 (the character specifies the amino acid residue, the first digit refers to viral protein VP1, and the last three digits designate the residue number). The image reconstruction of this complex (computed to -28-A resolution) accurately identifies the footprint of the Fab on the virion. This is the first time that such a complex has been visualized in which the atomic structures of the Fab 20 -A resolution from the known atomic structure. One asymmetric unit, bounded by two icosahedral threefold axes and one fivefold axis, is outlined, and icosahedral five-, three-, and twofold axes are identified by a triangle, an oval, and a pentagon, respectively. The canyon appears as a depression that encircles a mass of density centered on the vertex. Bar = 200
A.
was fit into the reconstructed electron density, and a bivalently attached antibody has been modeled. These results lend further support to the existence of antibodies bound bivalently to the same viral particle.
MATERIALS AND METHODS
MAb production. MAb17-IA was produced in mice and then later by using the Cellmax Quad 4 cell culture system (Cellco Corp., Germantown, Md.). High-glucose Dulbecco's modified Eagle medium (catalog no. 430-2100; GIBCO/Bethesda Research Laboratories, Grand Island, N.Y.) containing 10% fetal bovine serum was used for the hybridoma cell culture. The antibody is of the isotype IgG2a as determined by Screentype (Boehringer Mannheim Biochemicals, Indianapolis, Ind.). The antibody was purified by means of protein G affinity chromatography. The samples were loaded onto the affinity column, and the unbound material was washed from the column with 0.1 M, pH 7.0, sodium phosphate buffer. The antibody was then eluted with a 50 mM, pH 2.0, sodium acetate buffer and quickly neutralized with 1 M, pH 8.0, sodium phosphate buffer. MAb17-IA was pooled and dialyzed against 0.1 M, pH 7.0, sodium phosphate buffer and concentrated to 1 to 2 mg/ml. Fabl7-IA generation and purification. Papain cleavage was performed on the antibody solution at an enzyme-to-antibody ratio of 1:100 (mg/mg) at 37°C for 10 h in the presence of 25 mM 1-mercaptoethanol. The reaction was stopped by the addition of 75 mM iodoacetamide. The digested sample was then dialyzed extensively against 10 mM, pH 7.5, Tris-HCl buffer and purified on a Mono-Q ion-exchange column connected to an FPLC system (Mono-Q and FPLC are trademarks of the Pharmacia/LKB Corp., Piscataway, N.J.). The proteins were eluted with an NaCl gradient of -0.01 M/ml of eluate. The flow rate was 1 ml/min, and the pressure was 1 MPa. The pI of Fabl7-IA is more than 8.0 and therefore elutes in the void volume of the column. The Fc fragments and intact MAb17-IA have much lower pIs and elute at NaCl concentrations greater than 0.1 M. Fabl7-IA was pooled and concentrated with Centricon 10 microconcentrators (Amicon Corporation, Beverly, Mass.).
Fabl7-LA complex preparation. Fab was added to HRV14 (prepared as previously described [14] ) in a ratio of -300 to 600 Fabs per virion at a virus concentration of -0.25 mg/ml. The mixture was incubated overnight at 5°C and then loaded onto a Superose 6 (Pharmacia/LKB) column equilibrated with 10 mM Tris, pH 7.5, buffer with 50 mM sodium chloride. The virus-Fab complex eluted in the void volume, far removed from the unbound Fab molecules, and was then concentrated to -10 mg/ml with Centricon 10 microconcentrators (Amicon Corp.).
Cryoelectron microscopy and image analysis. Cryoelectron microscopy of the HRV14-Fab complex was performed essentially as previously described (2, 9, 25) . The sample was transferred to fresh, non-glow-discharged holey-carbon films on 400-mesh copper grids. The grids were briefly blotted with filter paper, quickly frozen in liquified ethane, transferred to liquid nitrogen, and then placed in a cooled Gatan 626 cryotransfer holder (Gatan Inc., Warrendale, Pa.) before being inserted into a Philips EM420 electron microscope (Philips Electronics Instruments, Mahwah, N.J.). Images were photographed under minimal dose conditions (<20 electrons per A2) at a nominal magnification of 49,000 and at -1-,um underfocus. Micrograph selection and digitization and selection of individual virion images was performed as previously described (9) . The intensity values of the individual particle images were adjusted to remove linear background gradients (3) and to normalize the means and variances (7) . Translation and orientation parameters were determined for each virion image and a data set of 35 images was selected from which a three-dimensional reconstruction was calculated to an effective resolution of 28 A (2, 41 ). An eigenvalue spectrum was calculated to test for the possible presence of errors in the reconstruction because of the inclusion of nonrandom data (11) . All values exceeded 10.0, indicating the uniqueness of the data included in the analysis.
The three-dimensional reconstruction was corrected for the effects of the contrast transfer function of the electron microscope (8, 37) after it was radially scaled to match the dimensions of the atomic map of HRV14 (30) . The electron density map was Fourier transformed to compute structure which had been washed twice with PBSA in a 15-ml capped, conical tube. As a control for virus-MAb17-IA precipitation, 1.5 ml of each mixture was placed in a tube that did not contain cells. The cell pellets were resuspended and then incubated for 1 h at 23°C. The samples were centrifuged for 5 min at 23°C at 450 x g, the supernatants were removed, and the radioactivity was measured. The cell pellets were resuspended in 1.5 ml of PBSA, and the radioactivity was measured. All 
RESULTS AND DISCUSSION
Analysis of the reconstructed density map. Native HRV14 particles appeared very smooth and featureless in cryoelectron micrographs ( Fig. 2A) . In comparison, images of vitrified HRV14-Fab complexes appeared fuzzy because of the bound Fab molecules. Some Fabs could be seen edge-on at the periphery of the particles and occasionally end-on nearer the centers of the particle images (Fig. 2B) .
A shaded, surface representation of the native HRV14 X-ray structure (30) was computed to 20 A (Fig. 1B) for comparison with the structure of HRV14 in the reconstructed HRV14-Fabl7-IA complex (Fig. 2C) . The most prominent features of the native HRV14 surface include (i) a pentameric dome of density at each icosahedral vertex, (ii) a depression or canyon which surrounds each vertex, and (iii) triangular plateaus of density centered at each of the 20 icosahedral threefold axes. In the areas where the bound Fabl7-IA does not occlude the view, each of these features is seen on the surface representation of the three-dimensional reconstruction of the complex (Fig. 2C) fied with spontaneous escape mutations to neutralizing antibodies (33, 34) and with site-specific mutations (19) . Natural escape mutant sites D1091 and E1095 are on an external loop of VP1 between the B and C strands of the ,B-barrel of VP1.
Using computer simulations (see below) based on the crystallographically determined structure of the antibody, it was possible to match the electrostatic charge pattern on the binding surface of the Fab molecule with a complementary charge pattern found on the crystallographically determined surface of HRV14. This docking model not only included the charge residues D1091 and E1095, previously identified by escape mutation analysis, but also predicted the involvement of three additional charged residues, K1085, K1097, and K1236.
It was also possible to define an antibody footprint (Fig.  2D ) by computationally trimming away from the image shown in Figure 2C all of the electron density at a radius exceeding 155 A. This footprint included all five of the charge-matched residues (Fig. 2E) identified in the docking model described above.
These residues were changed by means of site-specific mutagenesis, and the mutants exhibited reduced binding affinity for MAb17-IA (Table 1 ). The mutation sites most effective at abrogating antibody binding (D1091, E1095, and K1097) were located near the center of the footprint (Fig.  2E) . The least effective mutation sites (K1085 and K1236) were at the edge. Therefore, the mutational analysis agrees very well with the reconstructed density of the HRV14-Fab complex.
Fit of the crystallographic structure of Fabl7-IA into the reconstructed Fab density. The atomic structure of Fabl7-IA has been recently determined (20a) . The R-factor of the current model for all reflections between 6-and 2.7-A resolution is approximately 20% (solvent molecules not yet included). The elbow angle of the crystallized Fab is about 162°. The elbow angle is defined as the angle between the pseudo-dyad axes in the variable and constant domains that relate the heavy and light chains. An elbow angle of less than 1800 places the variable and constant 13-barrels of the heavy chain in contact with each other.
The Fabl7-IA structure matches the reconstructed density determined by electron microscopy remarkably well (Fig. 3) -4 A. In addition, recent electron microscopy studies of other icosahedral viruses have accurately described details at a much higher resolution than that of the reconstructions. Small protrusions were observed at the threefold axes of the bacteriophage 4X174 image reconstruction (23) . The crystallographic structure of 4X174 showed that each of the protrusions accurately corresponded to a bundle of three a-helices that consisted of only 33 amino acid residues (25) . Even more striking was a recent electron microscopy study of flock house virus (9a) in which density was observed at the internal RNA-protein interface. This density was ascribed to tightly bound, genomic RNA that was also observed in the crystallographic structure (14a) .
Each Fabl7-IA appeared to cover at least 500 A2 or -one-quarter of the asymmetric unit surface. This contact area overlaps the receptor-binding region of the canyon (26, 27) and the NIm-IB site and also touches the NIm-II site (Fig. 4) . The area of contact shown in Fig. 4 represents a conservative lower-limit estimate and is very likely to increase when crystallographic evidence of the virus-Fab complex becomes available. The Fab forms a bridge over the canyon, connecting the north and south walls (Fig. 5) . This may explain previous experiments demonstrating that MAb-34, another IgG directed against the NIm-IA site, blocks HRV14 binding to purified cell membranes (10) .
The more conserved framework portion of the variable region (FR) near the elbow may contact the south wall of the 7 .0. The potential function was evaluated away from the charge centers by using a finite difference method (39, 40) .
canyon near the NIm-Il site (Fig. 4 and 5) . The significance of this observation needs to be studied further with bound IgG molecules since such interactions might disappear when MAb17-IA binds bivalently.
Electrostatic interactions between Fabl7-IA and HRV14. Theoretical studies have suggested that electrostatic potential is an important determinant of protein-protein interactions (39 exhibits a very asymmetric distribution of charge (Fig. 6) , and this was thought to play a role in antibody recognition. Analysis of the Fabl7-IA sequence showed that the cleft between the heavy and light chain hypervariable regions contains several basic residues that could complement the acidic D1091 and E1095 residues (natural escape mutant sites) on the virus. This finding concurs with genetic studies that showed a high frequency of charge alterations in neutralization escape mutants (34) . One Fig. 6C . The elbow axis, Kol, and Fabl7-IA are shown in green, red, and blue, respectively. designation in Fig. 7 ) of the loop between OD and ,BE of the heavy chain complementarity-determining region 2 (CDR2) near a cluster of three lysine residues on the surface of HRV14 (K1097, K1085, and K1236).
Fabl7-IA and HRV14 probably form complementary electrostatic surfaces upon binding (Fig. 7) . Residues KH59 and RL90 might be able to form salt bridges with residues E1095 and D1091, respectively, when Fabl7-IA is bound to the surface of HRV14. While not in direct contact with E1095 or D1091, HL33 and RH98 might enhance the binding of the NIm-IA loop by increasing the overall basic character of the cleft. In addition to the interactions with the acidic NIm-IA loop, DHSS and DHS7 of the bound Fab17-IA are appropriately positioned to bind to K1097 of HRV14. K1085 and K1236 are also in proximity to DHSS and DHS7, with K1236 being the farthest away. These interactions correspond very well with the site-specific mutation studies. For the three mutated lysines, the abrogation of antibody binding was proportional to proximity of the mutation site to DHSS and DHS7 of the bound Fabl7-IA (Table 1) , with changes at residues K1085 and K1236 causing only marginal effects.
The structural fit between the bound Fabl7-IA and HRV14 is very good, although some of the interactions are closer than expected for van der Waals contacts (Fig. 7) . This may reflect small inaccuracies in fitting the Fabl7-IA structure into the density, or it may indicate that small conformational changes occur in the two proteins during the immune reaction. Indeed, minor structural rearrangements have been observed in high-resolution antigen-antibody crystallographic studies (29) .
From our results, we would predict that a peptide representing the NIm (Fig. 9A and B) . (12, 28) , antibodies have more than one neutralizing mechanism. Both monovalently and bivalently bound antibodies might interfere with cell receptor interactions, but bivalently bound antibodies may be more effective because they can also stabilize the capsid by cross-linking the icosahedral pentameric units (24) .
